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A DNA-dependent RNA polymerase was purified to homogeneity, starting from insect cells infected with the
baculovirus Autographa californica nuclear polyhedrosis virus (AcNPV). The purified polymerase supported
accurate and specific transcription from late and very late promoters but was not active on viral early
promoters. Thus, promoter recognition is an integral function of the purified enzyme. The purified RNA
polymerase was composed of only four equimolar subunits, which makes it the simplest DNA-directed RNA
polymerase from a eukaryotic source described so far. Amino-terminal protein sequencing, peptide finger-
printing, and immunochemical analyses were used to identify the four subunits, all of which are virus encoded.
Overexpression of the four viral proteins (LEF-8, LEF-4, LEF-9, and p47) in baculovirus-infected cells resulted
in a significant increase in the levels of RNA polymerase produced in the infected cells. Thus, the overexpres-
sion data are consistent with our identification of the RNA polymerase subunits.
Autographa californica nuclear polyhedrosis virus (AcNPV)
is the prototype member of the Baculoviridae, a large family of
DNA viruses that are pathogenic for invertebrates. AcNPV has
a circular DNA genome of 134 kb and potentially encodes 154
proteins (1). Like many DNA viruses, AcNPV gene expression
is temporally regulated. Both immediate-early and delayed-
early genes are expressed before viral DNA replication, while
late and very late gene expression is dependent on viral DNA
replication (4). Unlike other eukaryotic DNA viruses that rep-
licate in host nuclei, baculoviruses use two different RNA poly-
merases for transcription of their genes. The early viral genes
are transcribed by host RNA polymerase II (12, 18), and the
early promoters contain motifs common to RNA polymerase II
promoters (16, 24). The late and very late genes, however, are
transcribed by an RNA polymerase that is resistant to a-aman-
itin and is chromatographically distinct from the three host
RNA polymerases (15, 31). In addition, the baculovirus late
promoters lack motifs characteristic of promoters recognized
by all three host polymerases. The nucleotide sequences that
are essential for late transcription have been mapped to a
conserved 12-bp motif surrounding the start of transcription
(16, 25, 26). Taken together, these data suggest that the virus
encodes its own RNA polymerase. However, it has proven
difficult to purify the virus-induced polymerase to homogeneity
(3, 31). Surprising, the complete sequence of the viral genome
failed to reveal proteins with extensive homology to other
DNA-dependent RNA polymerases (1), although limited se-
quence similarities were noted for two viral proteins, LEF-8
and LEF-9 (19, 23).
To better understand the mechanisms of transcriptional reg-
ulation of the AcNPV late and very late genes, two approaches
have been used. Todd et al. (29) used a transient expression
assay to identify 18 viral proteins involved in the temporal
expression of late and very late genes. Approximately half of
these are required for early gene expression and DNA repli-
cation, while the remaining are potential candidates for the
virus-encoded RNA polymerase and associated transcription
factors. We and others (13, 20, 30) have developed in vitro
transcription systems for the AcNPV late promoters. We con-
structed transcription templates containing cytidine-free cas-
settes linked to either the 39k late promoter or the polyhedrin
(polh) very late promoter (30). Here we report the use of this
template-specific assay to purify the RNA polymerase respon-
sible for transcription of viral late genes. The RNA polymerase
is a complex of four virus-encoded proteins and has both pro-
moter recognition and catalytic activities.
MATERIALS AND METHODS
Preparation of nuclear extracts. Spodoptera frugiperda (Sf9) cells were cul-
tured and infected with the E2 strain of AcNPV as previously described (28).
Nuclear extracts were prepared from AcNPV-infected Sf9 cells at 36 h postin-
fection, with two modifications to the previous protocol (30). After Dounce
homogenization, the nuclei were washed twice by low-speed centrifugation in
hypotonic buffer containing 6% sucrose and then pelleted through a 30% sucrose
cushion by centrifugation at 3,000 3 g for 10 min. After centrifugation of the
nuclear extracts at 100,000 3 g, the supernatants were frozen in liquid nitrogen
and stored at 280°C.
Purification of the RNA polymerase complex. All procedures were carried out
at 4°C. Nuclear extracts were prepared from two to five 1-liter cultures and
frozen until a total of 25 liters of infected cells had been collected. Pooled
nuclear extracts were treated with 0.1% polymin P to precipitate nucleic acids.
Soluble proteins were then precipitated with 50% ammonium sulfate. The am-
monium sulfate precipitate was collected by centrifugation, resuspended in 25 ml
of buffer A (50 mM Tris [pH 7.9], 0.1 mM EDTA, 1 mM dithiothreitol) con-
taining 0.5 M (NH4)2SO4, and loaded onto a 12-ml phenyl-Sepharose column
(Pharmacia) at a rate of 2 ml/min. The column was washed with 50 ml of buffer
A–0.5 M (NH4)2SO4, and bound protein was eluted with buffer A–300 mM KCl–
0.5% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS;
Pierce). Fractions (1.8 ml) were collected and assayed for transcription activity.
Active fractions were pooled, dialyzed against buffer A–300 mM KCl–0.1%
CHAPS, and applied at 1 ml/min to a 5-ml heparin (Bio-Rad) column connected
to a Pharmacia FPLC system previously equilibrated with buffer A–300 mM
KCl–0.1% CHAPS. The column was washed with loading buffer and eluted with
a 20-ml linear gradient from 300 to 500 mM KCl. Peak fractions were pooled, the
KCl concentration was adjusted to 250 mM, and the protein was applied to a
Mono Q HR 5/5 column (Pharmacia) previously equilibrated with buffer A–200
mM KCl–0.1% CHAPS. The column was washed with 10 ml of loading buffer
and then eluted with a 20-ml linear KCl gradient from 200 to 500 mM. Fractions
that contained transcription activity were concentrated to 200 ml and filtered
through a Superose 6 column in buffer A–2 M KCl–0.1% CHAPS. Fractions (0.5
ml) were individually dialyzed against buffer A–250 mM KCl–0.1% CHAPS,
assayed for transcription activity, frozen in liquid nitrogen, and stored at 280°C.
Protein concentrations of the crude extract and partially purified fractions were
determined by the method of Bradford (6). The concentration of the purified
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complex was determined by UV absorbance using a molar extinction coefficient
of 259,350, predicted by the amino acid sequences of the four subunits (1).
In vitro transcription assays. In vitro transcription assays for AcNPV late and
very late promoters were performed by using slight modifications of conditions
previously described (30). Transcription reaction mixtures contained 50 mg of
nuclear extract or 10 ml of column fractions and the following components in a
volume of 50 ml: 25 mM Tris (pH 7.9), 100 mM KCl, 2 mM MgCl2, 1 mM di-
thiothreitol, 1.0 mM each ATP and UTP, 20 mM GTP, 5 mCi of [a-32P]GTP (800
Ci/mmol), 5 U of RNasin, 0.2 U of inorganic pyrophosphatase, and 1.0 mg each
of Polh/CFS and 39kL/CFS (described in Results). Addition of a-amanitin was
not necessary and was not routinely used. As shown by Xu et al. (30), the host
RNA polymerases cannot transcribe the baculovirus templates used in these
assays. Components were added to the enzyme at the same time, reaction
mixtures were incubated for 12 min at 30°C, and then the reaction was stopped
by the addition of 150 ml of stop buffer (50 mM Tris [pH 7.5], 1% sodium dodecyl
sulfate [SDS], 5 mM EDTA, 25 mg of tRNA per ml). RNA was extracted once
with phenol-chloroform (1:1), precipitated with ethanol, resuspended in 90%
formamide, and resolved on a 6% polyacrylamide–8 M urea gel. For quantitation
of RNA polymerase activity, transcription reaction mixtures were spotted onto
glass fiber filters and precipitated with trichloroacetic acid. By definition, 1 U of
transcription activity incorporates 1 pmol of GMP into RNA in 30 min at 30°C.
The conditions for in vitro transcription from early viral promoters have been
previously described (32).
Peptide sequencing. Purified RNA polymerase was concentrated, loaded into
two wells of an SDS–8% polyacrylamide gel, and then electrophoresed. Proteins
were transferred to polyvinylidene difluoride membranes, stained with Ponceau
S, and submitted to the Protein/Peptide Micro Analytical Laboratory (California
Institute of Technology). Samples were submitted to automated Edman degra-
dation on an Applied Biosystems 476A sequencer. N-terminal amino acid se-
quences were obtained for the two smallest proteins. No useful sequence infor-
mation was obtained for the two larger proteins.
Trypsin digestion followed by mass analysis was used for identification of the
second-largest protein. After electrophoresis on an SDS-polyacrylamide gel (SDS-
PAGE), proteins were stained in 0.1% Coomassie blue in water. The protein was
excised, and subsequent digestion with trypsin and mass analysis were conducted
at the Protein/Peptide Micro Analytical Laboratory (California Institute of Tech-
nology). Mass spectrometry was performed on a Perseptive Biosystems Elite
matrix-assisted laser desorption ionization time-of-flight (MALDI TOF) appa-
ratus. Tryptic peptides masses were used by the MOWSE program to search a
peptide mass database constructed from a theoretical trypsin digest of all pro-
teins in the OWL database (21). Search parameters used were a molecular weight
filter of 25%, a mass tolerance of 0.1%, and a partial cleavage score factor of 0.2.
Preparation of LEF-8 antiserum. The AcNPV lef-8 gene was amplified by
PCR using an upstream primer (59-AATCGCTTCCATATGACGGACGTGGT
TCAAG-39) which produced an NdeI site (underlined) at the translation initia-
tion codon of the lef-8 coding sequence and a second primer (59-GTTTGCAA
TCGTGCAAGC-39) that hybridized downstream of the lef-8 stop codon. The
amplified fragment was first cloned into the pCRII vector (Invitrogen) and then
subcloned into the T7 expression vector pET15b (Novagen). The resulting plas-
mid, pET-lef8, was used to express LEF-8 in Escherichia coli BL21(DE3)LysE
cells. Overexpressed LEF-8 protein was purified by SDS-PAGE and used to
generate polyclonal antiserum in mice by using a standard immunization proto-
col (17).
Samples for immunoblot analysis were boiled for 3 min and electrophoresed
on an 8% acrylamide gel. The proteins were electrophoretically transferred to
nitrocellulose sheets by using a semidry apparatus. The sheets were reacted with
LEF-8 antiserum, and immune complexes were detected by using alkaline phos-
phatase-conjugated anti-mouse immunoglobulin G.
Primer extension mapping of lef-9. Total RNA was isolated from AcNPV-
infected cells by the guanidine isothiocyanate-cesium chloride method (10). A
lef-9 specific primer (GTGAGGGTCTAATATGAGG) was radiolabeled at the
59 end and hybridized with 20 mg of RNA. Annealed primers were extended with
avian myeloblastosis virus reverse transcriptase (27). Reaction products were
analyzed on 6% polyacrylamide–8 M urea gels. Sequencing ladders were gener-
ated by using pPstI-H DNA (14) and the same oligonucleotide primer.
Construction of vBAC-RNApol. The transfer vector pBAC4x-1 (Novagen)
contains two copies of the polh promoter and two copies of the p10 promoter
with unique restriction sites downstream of each promoter. The four RNA
polymerase subunit genes were cloned into this plasmid for overexpression of
AcNPV RNA polymerase in infected cells according to standard cloning proto-
cols (27). A BamHI site (GTGCGCAGTAATGGATCCACGATGACGGAC;
BamHI site underlined) was inserted upstream of the lef-8 open reading frame
(ORF) in the genomic clone pEcoRI-M by site-directed mutagenesis (11).
The resulting 2-kb BamHI-EcoRI fragment containing lef-8 was cloned into
pBAC4x-1 (Novagen) under polyhedrin control. The AcNPV genomic clone
pHindIII-C was digested with NarI and XhoI and incubated with Klenow enzyme
and deoxynucleoside triphosphates to fill in 59 overhangs. A 1.6-kb fragment
containing the complete lef-4 ORF was purified by agarose gel electrophoresis
and cloned into the SmaI site of pBAC4x-lef8. Insertion of the fragment in the
correct orientation was determined by restriction digestions. Site-directed mu-
tagenesis was used to construct a BamHI site (underlined) upstream of the lef-9
ORF (ACGCGTTCGTGTACGGATCCAAACATGTTT). The resulting plas-
mid was digested with BamHI and BglII, and the ends were repaired with Klenow
enzyme. A 1.4-kb fragment containing lef-9 was cloned into the StuI site of
pBAC4x-lef8/lef4 under the control of the polh promoter. The orientation of the
insert was screened by restriction digest analysis. The genomic clone pPstI-F was
digested with EcoRI and PstI. A 2.3-kb fragment containing p47 was cloned into
the EcoRI and PstI sites of pVL1393. The p47 ORF was excised from this
plasmid by digestion BglII, followed by repair with Klenow enzyme and digestion
with BamHI. The p47 fragment was then ligated with pBAC-lef8/lef4/lef9 pre-
viously prepared by digestion with Bsu36I, repair with Klenow enzyme, and
digested with BglII. The resulting plasmid, pBAC-RNApol, was cotransfected
with linearized BakPAK6 (Clontech) DNA into Sf9 cells. Recombinant viruses
were amplified and used to prepare nuclear extracts by the same protocol as
described above except that cells were harvested at 60 h postinfection and the
polymin P concentration was increased to 0.2%.
RESULTS
Purification of baculovirus RNA polymerase complex.
AcNPV RNA polymerase was purified by chromatography of
nuclear extracts on phenyl-Sepharose, heparin-agarose, and
Mono Q resin, followed by gel filtration through Superose 6
(Table 1). RNA polymerase activity was tested after each pu-
rification step by using a baculovirus promoter-specific assay as
previously described (30). The transcription complex eluted in
a single peak from each column, indicating that all factors
required for enzymatic activity and promoter recognition were
tightly associated in a single complex. In the crude extract and
in the phenyl-Sepharose peak, transcription activity was not
linear with respect to amount of protein added, probably be-
cause of contaminating nucleases or other proteins that inter-
fere with the assay. Therefore, it was necessary to calculate the
purification and yield relative to the heparin peak, and as a
result, the values shown in Table 1 underestimate the overall
purification. The specific activity of the purified RNA polymer-
ase was approximately 123,000 U/mg of protein.
The distribution of transcription activity on Superose 6 co-
incided with a peak of protein as measured by absorbance at
280 nm (Fig. 1A). RNA polymerase fractionated with an ap-
parent molecular weight of 560,000. When fractions across the
peak were assayed by SDS-PAGE, four polypeptides with ap-
parent molecular weights of 98,000, 55,000, 53,000, and 46,000
were found to increase and decrease concomitant with the
peak of enzymatic activity as well as with the peak of protein
(Fig. 1B). Additional bands were detected in the molecular
weight range of 55,000 to 65,000. These probably represent
contaminating keratins since they were observed in most lanes,
including lanes with no protein loaded.
The stoichiometry of the four proteins was determined to be
equimolar on the basis of Coomassie brilliant blue staining
relative to protein markers of known concentration (Fig. 1C),
which suggests that an active transcription complex contains
two molecules of each subunit. There was no evidence for
additional protein bands in the Coomassie blue-stained gel,
TABLE 1. Purification of baculovirus RNA polymerase
from AcNPV-infected cells
Fraction Protein(mg)
Activity
(U)a
Sp act
(U/mg)
Recovery
(%)
Relative
purifica-
tion
Nuclear extract
(25 liters)
241.0 NDb ND ND ND
Phenyl-Sepharose 47.0 ND ND ND ND
Heparin 13.5 20,526 1,520 100 1
Mono Q 0.42 9,096 21,657 44 14
Superose 6 0.036 4,433 123,138 22 72
a Expressed as picomoles of GMP incorporated into RNA in 30 min at 30°C.
b ND, not determined (activity was not linear with respect to protein concen-
tration).
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which suggests that contaminating proteins, if present, were
submolar. Analysis of polymerase subunits on a 13% polyacryl-
amide gel, followed by staining with either silver or Coomassie
blue, failed to reveal the presence of smaller subunits (data not
shown).
Template specificity of the baculovirus RNA polymerase. In
vitro transcription reactions were performed with 30 ng of
purified protein and the indicated DNA templates (Fig. 2). No
transcripts were detected in the absence of template (lane 2) or
in the presence of pCFS (30), the parental cytidine-free cas-
sette (lane 3). When the AcNPV late promoter construct (39kL/
CFS) and the very late promoter construct (Polh/CFS) were
separately added to transcription reactions, both templates
were accurately transcribed (lanes 4 and 5). Both supercoiled
and linear templates were transcribed by the RNA polymerase
complex with essentially equal efficiencies (lanes 6 and 7).
The purified complex was also not active on 39kE/CFS, a
construct that contains the cytidine-free cassette linked to the
early promoter for the 39k gene (16). This early promoter is a
typical RNA polymerase II promoter and contains a TATA
box and a CAGT initiator element. 39kE/CFS is transcribed by
nuclear extracts prepared from AcNPV-infected insect cells
harvested at 8 h postinfection (lanes 9 and 11). Transcription
of this template was more efficient with conditions optimal for
RNA polymerase II templates (6 mM Mg21 and a 15-min
preincubation) than with conditions optimal for viral late tem-
plates (2 mM Mg21 and no preincubation). Transcripts that
FIG. 1. (A) Gel filtration chromatography of RNA polymerase. RNA poly-
merase was filtered through Superose 6. Fractions (0.5 ml) were collected from
10 to 15 ml and assayed for transcription activity. The indicated fractions were
assayed for in vitro transcription activity as described in Materials and Methods.
A transcription assay of the pooled Mono Q peak is shown in lane 2. Lane 1
contains fX174-HinfI molecular markers, and the sizes (in kilobases) of relevant
fragments are shown on the left. The transcripts corresponding to Polh/CFS and
39kL/CFS are indicated on the right. The positions of elution of blue dextran
2000 (BD), thyroglobulin (THY; 669 kDa), ferritin (FER; 4043 kDa), catalase
FIG. 2. Template specificity of the very late transcription complex. To ana-
lyze transcription of late and very late templates, in vitro transcription assays
were performed with 30 ng of purified RNA polymerase (RNApol) and the
indicated templates. Plasmids Polh/CFS and 39kL/CFS contain the polh pro-
moter linked to a short cytidine-free template as previously described (30).
Plasmid 39kE/CFS contains the short cytidine-free template linked to the early
39k promoter. The transcripts corresponding to Polh, 39kL, and 39kE are indi-
cated on the right. The 39kE/CFS template was transcribed by using purified
RNA polymerase (lanes 8 and 10) or with extracts prepared during the early
phase of viral infection (lanes 9 and 11) and assayed under conditions optimal for
transcription of late templates (lanes 8 and 9) or early templates (lanes 10 and
11). fX174 DNA digested with HinfI was added to lane 1, and the sizes (in
kilobases) of relevant fragments are indicated on the left.
(CAT; 232 kDa), and aldolase (ALD; 158 kDa) were determined by elution of
protein standards under the same conditions. (B) Proteins in the corresponding
fractions were separated by electrophoresis on an SDS–8% polyacrylamide gel
and visualized by staining with silver. The apparent molecular weights (in kilo-
daltons) of the bands that correspond with transcription activity are shown on the
right. The migration of protein molecular weight markers (in kilodaltons) are
indicated on the left. (C) Quantitation of subunits. Purified RNA polymerase
(lanes 8 and 9 contain 300 and 150 ng, respectively) was separated by SDS-PAGE
and stained with Coomassie brilliant blue. Lanes 2 to 6 contain bovine serum
albumin (100, 200, 400, 600, and 800 ng); lane 1 contains molecular markers.
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are longer than expected are commonly seen with crude nu-
clear extracts, presumably due to the presence of contaminat-
ing CTP. 39kE/CFS was not transcribed by the viral RNA
polymerase under standard conditions for late (lane 8) or for
early promoters (lane 10). These data demonstrate that the
four-subunit RNA polymerase contains elements necessary for
both promoter recognition and enzymatic activity.
Identification of protein subunits. The two smallest RNA
polymerase subunits were identified by N-terminal amino acid
sequence. Purified RNA polymerase subunits were separat-
ed by electrophoresis on SDS–8% polyacrylamide gels, trans-
ferred to polyvinylidene difluoride membranes, and submitted
for automated Edman degradation. The sequence of the small-
est subunit was Met-Phe-Val-Thr-Arg-Leu. The only perfect
match for this sequence in the combined SwissProt/GenBank
protein databases is the AcNPV protein known as p47. The
gene encoding p47 was originally identified as the site of the
temperature-sensitive mutant ts317 (8). This mutant was defec-
tive in the release of infectious virus and expression of poly-
hedrin at the nonpermissive temperature, although viral DNA
synthesis appeared to be normal. This phenotype suggested
that the mutation disrupted a function required for transcrip-
tion of late and very late genes. p47 was also identified by Todd
et al. (29) as one of the 18 genes required for transient expres-
sion of reporter genes under the control of baculovirus late and
very late promoters. The p47 gene is predicted to encode a pro-
tein of 47.5 kDa, which is in good agreement with an apparent
molecular mass of 46 kDa calculated from SDS-gels (Fig. 1).
Thus, identification of p47 as one of the RNA polymerase
subunits is consistent with the known biology of the protein.
The N-terminal sequence of the next-smallest subunit was
determined to be Met-Phe-Ser-Phe-Leu-Asp. The only perfect
match to this sequence in the protein databases was the Ac-
NPV LEF-9 protein. The lef-9 gene was originally mapped by
Lu and Miller (19) as part of a screen for viral genes required
for transient expression of baculovirus late and very late genes.
The amino acid sequence that we determined corresponds to
residues 27 to 32 of the LEF-9 ORF as originally published
(19). However, in that report, transcriptional mapping of the
lef-9 gene was not performed and the ORF was assumed to
start at the furthest upstream methionine codon. This discrep-
ancy suggests either that the protein we sequenced was subject
to posttranslational processing or the incorrect start site was
identified by Lu and Miller (19).
To address the question of which methionine codon was
used for initiation of translation of the lef-9 ORF, we per-
formed primer extension assays. RNA purified from AcNPV-
infected cells was hybridized with an oligonucleotide comple-
mentary to a sequence within the N terminus of ORF-9. We
found that the 59 ends of lef-9 transcripts mapped to hetero-
geneous sites between the upstream methionine codon and the
residue identified in our sequence analysis (Fig. 3). Transcrip-
tion initiating from two start sites proximal to the lef-9 ORF
was detected primarily at the 6-h time point, although low
levels of transcripts could be detected at earlier and later times.
The proximal transcripts initiated at a CACT motif, which
occurs 26 nucleotides downstream of a TATA sequence. This
arrangement of promoter motifs is similar to that found in
many of the baculovirus early promoters, in which initiation
begins at a CAGT motif (4). A single distal transcription start
site was mapped to a point 12 nucleotides further upstream.
Sequences surrounding this start site do not correspond to
consensus early promoters. Transcription from this point was
FIG. 3. Primer extension mapping of lef-9 mRNA. Total cellular RNA was isolated from AcNPV-infected Sf9 cells at the indicated times postinfection. The 59 end
of the transcripts was mapped by primer extension analysis using an oligonucleotide complementary to nt 49300 to 49319 of the AcNPV genome sequence (1).
Sequencing ladders were generated by using the same primer. The sequence ladder is antisense relative to the sequence of the lef-9 promoter shown below. The primer
extension products are denoted by arrows on the right and correspond to arrows above the sequence, which indicate the transcription start sites. The amino acid residues
identified by N-terminal sequencing are shown in uppercase; the 26-residues predicted to be at the N terminus of LEF-9 are shown in lowercase.
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detected in at 6 h postinfection, and transcripts persisted
through 36 h postinfection.
Our primer extension data strongly argue that the LEF-9
ORF initiates with the sequence Met-Phe-Ser-Phe-Leu-Asp
and not at the upstream site previously identified (19). Recal-
culation of the molecular weight for LEF-9 according to our
protein sequence data predicts a polypeptide of 56 kDa, which
is closer to the apparent molecular weight of this subunit than
the previously published value of 59 kDa.
N-terminal sequence analysis of the 55-kDa polypeptide
failed to yield useful sequence information. Therefore, protein
fingerprinting was used to identify this subunit. An SDS-poly-
acrylamide gel slice containing the 55-kDa subunit was digest-
ed with trypsin, and then the eluted peptides were analyzed by
mass spectroscopy to determine their molecular masses. The
masses of all tryptic peptides were entered into the MOWSE
database searching program (21), which matches peptide fin-
gerprints of an unknown protein with the predicted finger-
prints of all ORFs in the OWL database. The most significant
match returned by the database search was for the AcNPV
LEF-4 protein. Eleven of the 19 tryptic peptides entered
matched those predicted for LEF-4, which confirms the iden-
tity of this protein (Table 2). LEF-4 was first mapped by Pas-
sarelli and Miller (22) as a factor required for expression of
viral late genes, and it was subsequently identified as the site of
a temperature-sensitive mutation producing a phenotype sim-
ilar to the p47 mutation described above (7). The predicted
molecular size of LEF-4 is 54 kDa, consistent with an apparent
molecular size of 55 kDa calculated from Fig. 1B.
Attempts to sequence the largest subunit were not success-
ful. However, we were able to predict and confirm the identity
of the protein by immunochemical analysis. AcNPV encodes
relatively few proteins in the molecular weight range observed
for the largest subunit. One of these, LEF-8, contains a con-
served sequence motif that is common to prokaryotic and eu-
karyotic RNA polymerases (23). In addition, LEF-8 is required
for viral late and very late gene expression in a transient assay,
consistent with its proposed role as a component of the virus-
specific RNA polymerase. Therefore, we raised antiserum against
LEF-8 expressed in bacteria and immunoblotted fractions
across the Superose 6 peak. As shown in Fig. 4, the large sub-
unit of purified RNA polymerase was recognized by the LEF-8
antiserum. The intensity of the immunoreactive bands closely
correlated with the peak of transcription activity. We conclude,
therefore, that the large subunit is encoded by lef-8.
Cloning and overexpression of RNA polymerase. To confirm
that the RNA polymerase subunits had been correctly identi-
fied, we cloned the genes encoding p47, LEF-9, LEF-4, and
LEF-8 into the baculovirus transfer vector pBAC4x-1. This
plasmid contains two copies of the polh promoter and two
copies of the p10 promoter and allows for overexpression of
four proteins in a baculovirus expression system. Sf9 cells were
infected with the recombinant virus pBAC-RNApol, and nu-
clear extracts were prepared from cells harvested at 60 h
postinfection. In a wild-type virus infection, in vivo synthesis of
viral RNAs had ceased by 60 h postinfection, and RNA poly-
merase activity was undetectable in extracts prepared from
wild-type virus-infected cells harvested at this time (data not
shown). However, in cells infected with pBAC-RNApol, tran-
scription activity was high in extracts prepared at 60 h postin-
fection. Overall yields of RNA polymerase per liter of infected
cells were 10-fold higher than yields with wild-type virus har-
vested at 36 h postinfection (Table 3). From 5 liters of cells
infected with pBAC-RNApol we were able to purify 70 mg of
RNA polymerase, while the yield from wild-type virus-infected
cells was only 36 mg from 25 liters of infected cells.
DISCUSSION
Since the discovery of a novel RNA polymerase activity in
baculovirus-infected cells (12, 15), the question of whether the
FIG. 4. Recognition of the large subunit with LEF-8 antiserum. (A) The
Mono Q peak fraction (lane 2) was filtered through Superose 6 as described in
the legend to Fig. 1. Proteins corresponding to the peak of protein at 560,000
were assayed for transcription activity (lanes 3 to 8). Positions of the polh and
39kL transcripts are indicated on the right. fX174 molecular markers are shown
in lane 1. (B) Superose 6 fractions containing transcription activity were elec-
trophoresed on SDS–8% polyacrylamide gels, transferred to nitrocellulose mem-
branes, and probed with LEF-8 antiserum. Lane 1, prestained molecular weight
markers, with sizes (in kilodaltons) indicated on the left. The position of the
immunoreactive protein is shown on the right.
TABLE 2. MALDI-TOF analysis of LEF-4 tryptic fragments
Mass (Da) D(Da)a
LEF-4 peptide sequence
consistent with mass
LEF-4
amino
acids
839.3 0.29 FVYWPK 77–82
1,057.3 1.1 FEHVYFSK 127–134
1,282.9 20.06 DTNALVPLLVWR 83–93
1,352.7 0.1 IYITDLLQVFK 306–316
1,640.6b 1.6 IVYGDDAFDNASVKK 237–251
1,696.4 20.05 WMPTTELEYDAVNK 402–415
1,820.3 0.3 EISYSINFSQDLLYK 11–25
1,994.0b 0.7 NFCIIQTDDMQFYKTK 268–283
2,887.7 0.5 LLTLLENGDASETLQNSQ
VGSDEILAR
151–177
3,142.7 20.7 ILNSYIVPNYSLAQQYFDL
YDENGFR
26–51
3,536.4 1.5 FQQFFDPPLQQSNYMTVS
VDGYVVLDTELR
367–396
1,434.2, 1,476.6, 1,536.6,
2,130.9, 2,386.2,
2,707.5, 2,721.0c
a Difference between measured mass and calculated mass of LEF-4 tryptic
peptides.
b Partially cleaved fragments.
c Masses not attributed.
VOL. 72, 1998 BACULOVIRUS RNA POLYMERASE 7989
 o
n
 Septem
ber 12, 2018 by guest
http://jvi.asm.org/
D
ow
nloaded from
 
a-amanitin-resistant polymerase is a virus-encoded enzyme or
a virus-modified host RNA polymerase has intrigued baculo-
virologists. This report identifying the protein subunits of the
AcNPV polymerase confirms that the polymerase responsible for
transcription of late and very late genes is encoded by the virus.
The baculovirus RNA polymerase was shown to consist of
only four subunits, p47, LEF-4, LEF-8, and LEF-9. The spe-
cific activity of the polymerase purified from wild-type virus-
infected cells indicated that the enzyme could incorporate ap-
proximately 123 nmol of GMP per mg of enzyme. Assuming a
monomer molecular weight of 258,000, this implies that 1 nmol
of enzyme can incorporate 32 nmol of GMP. The cytidine-free
template directs incorporation of 90 GMP residues, indicating
that 35% of the RNA polymerase complexes are active in
transcription. If the viral RNA polymerase contains two mol-
ecules of each subunit as suggested by the gel filtration data,
this would suggest that 70% of the molecules are active. This
high molar activity of the purified enzyme suggests that the
transcription activity is due solely to the four proteins detected.
While we cannot rule out the possibility that our purified
polymerase preparations contain submolar amounts of other
viral or host proteins, these calculations suggest that it is un-
likely that proteins present at submolar levels could signifi-
cantly contribute to activity. However, definitive proof that
these four proteins are sufficient for RNA polymerase activity
will require reconstitution of activity from purified subunits.
Overexpression of the four subunits in baculovirus-infected
cells was shown to increase the yields of purified polymerase by
a factor of 10. This confirms our identification of the four
subunits and suggests that one or more of these proteins are
limiting for the assembly of RNA polymerase. Furthermore,
the specific activity of RNA polymerase purified from the over-
expression system was equivalent to that from wild-type-in-
fected cells. This finding supports our conclusion that minor
contaminating proteins do not contribute significantly to activ-
ity, as it is unlikely that these minor proteins would contami-
nate the overexpressed preparation at levels 10-fold higher
than with enzyme purified from wild-type virus-infected cells.
All four of the polymerase subunits have previously been
shown to be required for transient expression of viral late and
very late genes (29), and genetic evidence suggested that p47
and lef-4 encode late transcription factors (7). LEF-8 and
LEF-9 were predicted to encode RNA polymerase subunits,
based on the presence of conserved motifs (19, 23). This LEF-8
motif is conserved among b and b9 subunits of RNA poly-
merases from a number of sources and is predicted to form
part of the catalytic site of the enzyme. Our data showing that
LEF-8 is the largest subunit in the purified RNA polymerase
complex support this hypothesis, although we have not yet
determined whether LEF-8 is the catalytic subunit.
The baculovirus RNA polymerase was active only on tem-
plates containing a viral late promoter. Cytidine-free templates
lacking a promoter or linked to an early promoter were not
transcribed, suggesting that the conserved TAAG motif was
essential for transcription initiation. Late and very late pro-
moters were transcribed with equal efficiencies, suggesting that
additional factors are needed for correct temporal expression
of the two classes of late genes. In vivo, baculovirus late and
very late genes are expressed during two distinct temporal
phases. The late genes are transcribed first, and only the se-
quences immediately surrounding the TAAG motif are be-
lieved to be important in promoter selection. The very late
genes are expressed after assembly of virions, and in addition
to the essential TAAG motif, an A1T-rich region between the
start of transcription and the start of translation is important
for high-level expression of the very late genes (25). Thus, the
polymerase complex that we purified is probably lacking the
factor(s) responsible for the burst of very late transcription,
and possibly it is also missing the factor(s) that represses poly-
hedrin transcription during the late phase. Previously we
showed that phosphocellulose chromatography of extracts pre-
pared from infected cells could separate factors that altered
the template specificity of the viral RNA polymerase (30).
While phosphocellulose chromatography may be useful in the
future for purification of additional transcription factors, we
found it necessary to omit this step from our current protocol.
The RNA polymerase complex aggregates at low salt, and
significant amounts of polymerase were lost during dialysis
prior to loading onto phosphocellulose.
Previous work has identified 18 viral proteins that are essen-
tial for expression of late and very late genes (29). Eight of
these are required for early viral gene expression and DNA
replication which precede late gene expression. Therefore, a
model for late gene expression should include roles for the
remaining 10 proteins. Here we show that 4 of these 10 are
components of the viral RNA polymerase. Functions of the
additional proteins probably include factors that discriminate
between late and very late genes, as mentioned above. In
addition, proteins are needed for termination of transcription,
a function which would not be identified in our assay because
transcription stalls when a cytidine is needed. Furthermore,
posttranslational processing functions (formation and methyl-
ation of 59 caps, cleavage, and polyadenylation, for example)
are probably virus encoded as well. It is also possible some of
these viral proteins are involved in assembly of the four poly-
merase subunits. Since our overexpression was done in a bac-
ulovirus system, all other viral proteins should be present in the
infected cells and could act steps that precede initiation of
transcription.
Most eukaryotic DNA viruses rely on the host RNA poly-
merase II for transcription of viral genes. Poxviruses and Af-
rican swine fever virus are the only other examples of eukary-
otic viruses that encode DNA-dependent RNA polymerases,
and their need for a virus-encoded enzyme is usually attributed
to the fact that they replicate in the cytoplasm and thus do not
have access to the nuclear enzymes. The poxvirus enzymes
resemble the three cellular RNA polymerases with respect to
the number and size of subunits (5). All of the cellular enzymes
contain two large subunits which share regions of amino acid
sequence homology and 4 to 12 small subunits, some of which
are common to the different cellular enzymes and homologous
to the poxvirus enzymes. The AcNPV RNA polymerase with
only four subunits is the simplest DNA-directed RNA poly-
merase from a eukaryotic source described thus far. The bac-
ulovirus RNA polymerase contains only one large subunit, and
with the exception of two short motifs it shows little homology
with other RNA polymerases. This lack of similarity with re-
TABLE 3. Purification of baculovirus RNA polymerase
from pBAC-RNApol-infected cells
Fraction Protein(mg)
Activity
(U)a
Sp act
(U/mg)
Recovery
(%)
Relative
purifica-
tion
Nuclear extract
(5 liters)
50 NDb ND ND
Phenyl-Sepharose 14.8 48,263 3,261 100 1
Heparin 2.4 44,754 18,648 93 5.7
Mono Q 0.26 15,019 57,765 31 17.7
Superose 6 0.07 10,175 145,357 21 44.6
a Expressed as picomoles of GMP incorporated in 10 min at 30°C.
b ND, not determined.
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spect to sequence and structure raises interesting questions
regarding the evolutionary origin of the baculovirus RNA poly-
merase.
Our data suggest that baculoviruses are more similar to T7
and related bacteriophages than to the host or other eukaryotic
viruses. The replication strategies employed by the two viruses
are strikingly similar, although one infects insect cells and the
other infects bacteria. In both cases, the early viral promoters
resemble their host promoters and are transcribed by the cor-
responding host RNA polymerases. However, the structures of
the viral late gene promoters are dramatically different from
those of their early promoters and they do not contain motifs
recognized by the host polymerases. In fact, the structures of
the baculovirus and T7 late promoters are more similar to each
other than either is to the structures of the promoters of their
hosts. Both promoters consist of a short conserved sequence
that serves as both a promoter and an initiator element (25,
26). Therefore, it is not surprising to find that baculoviruses,
like T7 bacteriophage (9), use a virus-encoded RNA polymer-
ase to transcribe viral late genes. The T7 RNA polymerase is a
single polypeptide which contains both promoter recognition
and enzymatic activities (2). Although simple in structure, the
viral polymerases transcribe their cognate genes efficiently and
with high specificity.
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